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The resistance of bacterial spores to lethal agents has long been studied not only as an aspect of applied microbiology but also as part of the general problem of the mechanism of resistance. An important consideration in the analysis of mechanisms is the sensitivity of measurement techniques with respect to variable factors.
The usual methods for measuring the resistance of spores to a lethal agent such as ethylene oxide are based on the ability of the spores to germinate and grow on nutrient agar or broth. Neither the survivor-curve method nor the qualitative endpoint method, for example, can distinguish between the effect of ethylene oxide on spore germi--nation and its effect on the development of the germinated cell. Further, it might be expected that these effects would be influenced by the heterogeneity of the spore population reflected either in the spores' resistance to ethylene oxide or in their pattern of breaking dormancy and germinating.
The experiments reported here were undertaken to analyze the relation between heterogeneity and some of the factors involved in the resistance of certain strains of bacterial spores to ethylene oxide.
METHODS AND MATERIALS
Preparation of spores. The methods of growing spores of Bacillus cereus var. terminalis, Bacillus polymyxa, Bacillus subtilis var. niger, Bacillus cereus, Bacillus megaterium, and Bacillus subtilis, as well as the techniques used to clean the spores and measure their viability and germination, are fully described elsewhere (Church et al., 1954 stored at 4 C in a desiccator over calcium chloride.
Spores with an increased size and an increased content of lipid were obtained by supplementing the standard G medium with 5 per cent glycerol. The fattened spores were washed at either a neutral or a slightly acid pH, since the use of high pH caused saponification and removal of a considerable quantity of lipid. These spores formed clumps and spontaneously germinated when suspended in water and stored at 4 C. However, these difficulties were overcome by lyophilizing or suspending the spores in water and storing the spore stock at -42 C. The spores were washed with methanol to remove water and extracted in a Soxhlet extraction apparatus with a mixture of 1 :1 chloroform-methanol. After 2 hr of extraction (approximately eight complete cycles) the solvent was evaporated to dryness. The spores were completely viable as indicated by a comparison of total microscopic and viable plate counts, and also retained their heat resistance. With longer periods of extraction the spore viability was markedly reduced. The spore clumps were dispersed by mixing in the Waring blendor or braying with mortar and pestle, in order to achieve uniform suspension.
Ethylene oxide inactivation. Ethylene oxide inactivation studies were carried out at 4 C in a water suspension containing 0.2 mg of clean spores per ml. This low temperature was used in order to prevent volatilization of the inactivating agent. At intervals, aliquots were removed, warmed to 65 C under reduced atmospheric pressure for 3 min, and diluted with M/30 phosphate buffer, pH 7.0. The evacuation and dilution were sufficient to remove the residual inhibitory properties of the ethylene oxide solution.
The electrophoretic assay of a mixed population. A histogram was prepared giving the number of particles with an "excursion time" between t and 242 t + At, the excursion time being the time necessary for an individual particle to traverse a given distance under the influence of a given electric field. In this method of assay, the histogram is bimodal, the estimated fraction of type 1 particles is given by the equation:
where P is the apparent fraction and t is the average excursion time. When the two modes of the histogram are separated, the apparent fraction is obtained by counting the numbers under each mode. The details of this procedure were described previously (Hartman et al., 1952 (Hartman et al., , 1953 . In our experiments the separation of the two modes was such that in the later work it was possible to assign any particle to its proper mode by observation.
The histographic data presented here were made at the upper stationary level, andl the electric field was applied in one direction only. Therefore, the modle having the larger excursion time consisted of particles with the lesser charge density, and small shifts of the pattern along the abscissa were not significant.
RESULTS
Ethylene oxide inactivation. A suspension of purified spores of B. cereus var. termttinalis was exposed to a 10 per cent aqueous solution of ethvlene oxide. At intervals aliquots of spoies were removed and measurements made of their germinability or viability. Germination was followed by a change in light transmission an(l uptake of dye, and a loss in heat resistance. Figure 1 represents an average of eight separate experiments. For purposes of comparison, the results of inactivation studies of v-egetative cells and germinated spores of the strain are included. The results showed that the effect of ethylene oxi(le on the dormant spore was to inhibit germination rather than the subsequent development of the vegetative cell. In tests of both spore viability and germination, rapid inactivation of the spores occurred during the first 10 minutes of exposuie and was followed by a slow-er exponential inactivation. The vegetative cells were uniformly sensitive, whereas the germinated spores possessed an intermediate sensitivity. the trailing of the inactivation curve for gerrminated spores.
Because of the break in the inactivation curve of B. cereus var. terminalis spores, it was thought that perhaps there was a loss of ethylene oxide during the treatment period. This was shown not to be the case, however, in a parallel experiment in which the removal and readmission of fresh 10 per cent ethylene oxide at 10-and 60-min exposure periods didl not alter the observed death rate.
The two killing rates of spores, shown in figure 1, might conceivably represent either a continuoUs population distribution with respect to ethylene oxide sensitivity oI a population of mixed sensitivities. A statistical analysis ruled out the first possibility and showed that the probability of equality between the killing Iate (k,) observed in the first 10-min exposure to ethylene oxide and the killing rate (k2), observed from 10 min to the end of the inactivation period, was less than 0.001. Further it wi-as seen that ethylene oxide sensitivity was not relatedI to heat sensitivity, since additional heat shock treatments did not reduce or eliminate the spores that were more sensitive to ethylene oxide.
Among five other bacillus strains tested for inactivation by ethylene oxide under similar conditions, B. polyrnyxa was the only strain which showed an inactivation curve similar to that ob-tained with B. cereus var. terminalis. The other four strains showed linear inactivation.
Attempts were made to isolate a resistant mutant by selective subculture of the surviving spores of B. cereus var. terminalis following a 60-min exposure to ethylene oxide. The survivors were plated, representative colonies isolated, and a fresh preparation of clean spores prepared. After a series of five such cycles, the final spore population behaved in a manner identical to that of the original unselected culture. These results suggested that we were dealing either with a high mutation rate and selection or a phenotypic expression.
The role of lipid in ethylene oxide resistance. Following the suggestion of Professor H. Orin Halvorson (University of Illinois), an examination was undertaken of the relationship between the spore lipid content and spore resistance to ethylene oxide. Extraction of B. cereus var. terminalis spores with chloroform-methanol for 2 hr removed 4 per cent of the dry weight. The results of inactivation of normal and lipid extracted spores are shown in figure 2 . The lipid extracted spores demonstrated a sensitivity equal to that which normal spores showed in the early part of the inactivation period.
The same extraction procedure removed 8 per cent of the dry weight of B. polymyxa spores. As in the case of spores of B. cereus var. terminalis, the kinetics of inactivation of B. polymyxa spores changed from that of a heterogeneous to a homogeneous population upon lipid extraction. The role of the lipid extracted material in ethylene oxide resistance is shown in figure 3 In order to determine the characteristics of the extracted material, 200 mg of the lipid extract from B. cereus var. terinailis spores were hydrolyzed at 250 C for 30 min with 1 ml of 1 N HCI and 1 ml of 1 N amyl alcohol according to the method of Bloor (1943) . The amyl alcohol fraction containing the fatty acids was evaporated to dryness at room temperature to avoid losing the volatile acids. The waxy material which remained was dissolved in 1 ml of chloroform, 0.5 g of dry nonwetting supercel was added, and the chloroform was evaporated at 60 C. The chromatographic columns were packed and the fatty acids eluted as described by Silk and Hahn (1954) . The results shown in figure 4, which were verified with known mixtures of fatty acids, clearly indicated that the majority of the fatty acids were low carbon-chain fatty acids (C2 to C8). The lowchain fatty acids were further separated by paper chromatography as the ammonium salts of the hydrolyzed extract (Duncan and Porteaus, 1953 were not due to the hydrolysis of long-chain fatty acids by the procedures employed. The nonsaponifiable residue was waxy, insoluble in water, and had a low melting point. Its composition is currently being investigated. Electrophoretic investigations. The previous results suggested that lipid represented a coating on the outside of the spore; therefore one mlght expect the surface charge density of the various spores to vary. A microelectrophoretic technique was found applicable to this problem.
The results given in figure 5A showed that the stock spore-population distribution of B. cereu var. terminali was bimodal. In order to characterize more completely this spore stock, the electrophoretic mobility was determined. (Curran, 1952 , Schmidt, 1955 were also evident in studies on disinfection of spores by chemical reagents (Levine, 1952) and by heat (Reynolds and Lichtenstein, 1952) . These heterogeneities appeared frequently as divergencies from the expected exponential inactivation kinetics. A more direct demonstration of a heterogeneous spore population was made by Yesair and Cameron (1936) . They observed that when spores of a thermophilic anaerobe and a thermophilic flat sour organism were centrifuged, the most heat resistant spores were those which settled out first during centrifugation. The genetic mechanism whereby the resistance of a spore is determined during sporulation presents a very interesting problem. Davis et al. (1948) demonstrated that by selecting heat-resistant spores of B. globigii (probably B. subtilis var. niger) and subjecting these spore survivors to increasing temperatures, a graded resistance to heat resulted among the spores of a population. Such graded resistance was not evident in the ethylene oxide studies reported here.
Attempts to select an ethylene oxide-resistant spore, through growth and resporulation, were unsuccessful. Furthermore, when the ethylene oxide-sensitive fraction was separated by electrophoresis, single spores isolated and germinated, and a fresh spore crop prepared, this fraction consisted again of the same mixture of ethylene oxidesensitive and resistant spores.
These results indicated that resistance to ethylene oxide developed either as a result of a high mutation rate and selection or represented phenotypic expressions. At least in the case of spores of B. cereus var. terminalis, it was observed that the acquisition of ethylene oxide resistce involved only a phenotypic response. Following a 2-hr ethylene oxide treatment, the viable resistant spores were separated from the nonviable sensitive spores by germinating the spores (Church et al., 1954) . The newly germinated cells were separated from the killed spores by centrifugation in a sucrose solution of appropriate density. The germinated cells were then concentrated and resporulated in G medium under conditions precluding growth and therefore mutation and selection. The spores obtained were found to possess a heterogeneous sensitivity to ethylene oxide similar to that observed in the original populations. 
